Tolerance Optimization Design Based on the Manufacturing-costs of Assembly Quality  by Zong, Yi & Mao, Jian
Available online at www.sciencedirect.com
2212-8271 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of 13th CIRP conference on Computer Aided Tolerancing
doi: 10.1016/j.procir.2015.04.087 
 Procedia CIRP  27 ( 2015 )  324 – 329 
ScienceDirect
13th CIRP conference on Computer Aided Tolerancing 
Tolerance optimization design based on the manufacturing-costs of 
assembly quality 
 Yi Zonga , Jian Maob*  
abCollege of Mechanical Engineering, Shanghai University of Engineering Science, Shanghai , China˗ 
* Corresponding author. E-mail address:  jmao@sues.edu.cn 
Abstract 
Tolerance design plays a major role in the quality of the product life cycle. Its purpose not only can ensure the products quality. At the same 
time, it monitors the product manufacturing costs. The traditional the tolerance design devotes to the optimization target of minimizing the 
manufacturing cost. But due to the manufacturing process of a product, there is a nonlinear relation between tolerance and cost. It disregards 
the problem of quality loss which cannot reach the effect of the high precision and low cost. Depending on the relationship between the 
manufacturing costs and tolerance, the tolerance optimization design method under the multiple correlation characteristic products is put 
forward, deducing the features related to quality of the product within multiple function relation between the loss and tolerance. Concentrating 
on the loss to the quality problems in the manufacturing process, manufacturing cost and quality loss tolerance model is created. The purpose is 
to improve product quality and reduce costs. Example results show that the product of multiple correlation characteristics of manufacturing cost 
and quality loss of tolerance optimization design model has certain validity, and compared with the traditional this tolerance design having 
great superiority. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the organizing committee of 13th CIRP conference on Computer Aided Tolerancing. 
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1. Introduction 
Tolerance design is an important part of the product 
information in the product design, manufacturing, assembly, 
etc. As the rapid development integration of CAD, CAPP and 
CAM in the field of automation, tolerance has become the 
link between one of the main content of the data exchange and 
sharing. According to the new generation geometrical product 
specification (geometrical product specifications, GPS) 
requirements, an urgent need to create to meet the function 
and the actual measurement and evaluation methods of the 
mathematical model for geometric tolerance of tolerance 
optimization design[1-2]. Hillary has made use of computer-
aided parts geometry, the concept of dimension, form and 
position tolerances, algebraic equations to depict the geometry 
of the parts of the dimension and tolerance design. From now 
on Computer Aided Tolerance design has been widely 
concerned [3-4]. Zhang presented the simultaneous tolerance 
which works in concurrent engineering contexts. The method 
can determine an appropriate machining process without 
using functional tolerances, and optimal machining tolerances, 
but decrease manufacturing costs [5]. Weill R proposed the 
tolerance requirements from the design stage to the 
manufacturing stage of the method to solve the problem of 
technology in the design of tolerance, which presented 
research of CAT [7]. Mao presented a nonlinear method for 
robust tolerance design based on actual manufacturing 
contexts, where simulation annealing (SA) is utilized to the 
nonlinear optimization [8]. In comparison with other models, 
the method is much more effective with manufacturing 
resources. 
In fact, even if the product complies with the technical 
specification, the quality of its characteristics may far from 
the target, can also produce quality loss [9-10]. On the one 
hand, we consider the possibility of improving the accuracy of 
one or several parts to improve. On the other hand, we also 
© 2015 The Authors. Published by Elsevier B.V This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of 13th CIRP conference on Computer Aided Tolerancing
325 Yi Zong and Jian Mao /  Procedia CIRP  27 ( 2015 )  324 – 329 
want to consider improving the precision of parts has 
increased the cost of weighing the gain and loss, only when 
the yield is higher than the costs by improving quality cost 
[12-15]. It can be stated that the design of tolerance is an 
optimal value. Tolerance optimization design is tantamount to 
seek the best balance between quality and manufacturing 
costs in the product performance. To proposed an algorithm to 
solve the discrete tolerance allocation. By this method, 
tolerances can be assigned in a way of fulfilling defined 
critical measures and minimizing manufacturing costs. Loss 
functions may be required [16]. 
When we implement the computer aided tolerance 
optimization design, determine the objective function model 
is the vital step, and that directly determines the tolerance 
optimization results. In the objective function, the cost of 
processing is the primary goal, which seeks to minimize the 
total processing cost, but also making the design of the quality 
of the product within the specified requirements, namely 
seeking quality loss cost minimized [17-18]. The 
comprehensive minimum cost as the target tolerance robust 
design. Wei and Lee proposed a model for determining the 
process tolerances of needing to take into account the 
capability of the process of producing workplace. In this 
model, a process tolerance can be obtained effectively and 
accurately without additional tolerances [19-20]. Wu analyzed 
quality of symmetric and asymmetric loss function 
respectively, which undertakes to improve in the tolerance of 
the robust design method on the basis of square quality loss 
model to optimize the processing cost and quality loss cost 
minimum [21]. Marseille analyzed the quality loss function be 
linear and square asymmetry in detail to get the optimization 
design method of tolerance found [22].  
The traditional tolerance design for optimizing considers 
the design of the smallest manufacturing cost as the goal, but 
this kind of design method does not take into account the 
quality of the product. Tolerance loose product manufacturing 
cost is small, but its size characteristics change will bring 
larger mass loss. In the tolerance design, the following 
situations are frequently encountered. Firstly, the dimension 
of a composition link or the distribution of a closed link is 
complicated. Secondly, historical statistics may be inadequate, 
and hence the manufacturing cost-tolerance function 
relationship is notoriously difficult to describe. Thirdly, the 
relationship between the assembly performance and the 
dimension of a composition link is blurred. However, an 
experimental design method is a preferable choice. By 
utilizing this method, the effect tendencies among dimensions 
of a composition link to assembly requirements or costs can 
be achieved by experimental analysis. Thus, tolerances of 
composition links are set up. On the contrary, tight tolerance 
products whose diminutive size characteristics of the change 
sand mass loss small, but the manufacturing cost is high. Most 
of the tolerance optimization design model considered the 
manufacturing cost of tolerance design problem, without the 
quality loss problem. Built on the Taguchi quality loss 
function and studying of the extension, the quality loss 
function expression is obtained. In this paper, a 
comprehensive model based on balancing the manufacturing 
cost and the quality loss is proposed. To realize the multiple 
correlation product quality characteristics of tolerance 
optimization design, the hinge assembly as the instance of the 
model is set up. 
2. Manufacturing-cost mathematical model 
2.1. Taguchi quality loss function 
In the process of product design, if the quality of product 
features is not in accordance with the target, it may cause the 
quality of the product loss, and the greater the deviation, the 
mass loss is bigger. Tahiti quality loss function can effectively 
show the product quality loss. According to the Taguchi 
quality loss function, the product quality loss is linked to the 
tolerances specified value, quality loss from the target of the 
deviation, the deviation from the ethical relationship of value 
and target value. Setting up the quality of the product features 
on y, and the target for m. If y indicates m be not 0, it has 
caused economic losses, and the more deviation, the greater 
the loss. Quality loss function is the quantitative expression of 
the relationship between economic loss and function. 
       Eye features of loss function refer to the deviation 
between the quality characteristic, target value, and the 
relationship between monetary losses of function. When 
finding the minimum deviation and best quality, the quality 
loss obtains the smallest value. The opposite is also true. This 








Fig.1. Quality characteristic of model 
The second quality loss function is: 
2
QL y K y m ˄ ˅ ˄  ˅                                                (1) 
Here the type of KQ is the coefficient of quality loss which 
reflects the unit square deviation of monetary loss. M is the 
subject value and y is the quality features of the product. 
2.2. Quality loss mathematical model 
Owing to the product influenced by all kinds of random 
factors in the processing, the output characteristic value y is a 
random variable. So the quality loss function L (y) is also a 
random number. In order to the mass loss quantitative, the 
quality cost usually is defined as the average of the product 
quality loss, which is defined as: 
     C E L y f y L y dy  ª º¬ ¼ ³                           (2)     
    The f(y) is the probability density function of y. This article 
mainly aims at the probability density function of normal 
distribution to analysis which showed in Fig.2.  





Fig.2.The probability density function 
The probability density function of normal distribution is:  








                                             (3) 
Where μ is the expectation and σ2 is the variance. At this 
point, the quality loss cost can be showed as: 
     2 2 2Q QE L y K E y m K μ m σª º    ª º¬ ¼ ¬ ¼          (4)                                                          
Where μ is equal to m, at this point, the quality loss cost 
can be simplified as:  
  2QE L y K σ ª º¬ ¼                                                   (5) 
3.  Assembly tolerance optimization  
3.1. Optimization mathematical model  
According to the quality characteristics of Taguchi loss 
function form can be divided into three types: the eye features 
of quality loss function, the minor characteristics of quality 
loss function, the broad characteristic of quality loss function. 
This paper mainly researches the dimension tolerance, which 
is employed in the first type. The type (1) to quality 
characteristic deviation D function is expressed as: 
2
QL D K D ˄ ˅                                                          (6) 
If product quality characteristics be far from the known 
target D, it may cause the mass loss of Q, then A determined 




                                                                 (7)                        
For a composite assembly, function requirement generally 
is given in manifold assembly features, and the assembly 
feature is sometimes interrelated. Writing product assembly 
dimension features vector for Z = (Z1, Z2, Z3,..., Zk) T, the first 
Zk assembly size  (k = 1, 2, 3,..., r) is a function of q 
component design size: 
k 1 2 3Z Y Y Y ....k qG Y ˄      ˅                                (8)             
Where Yi is for the design of the parts size (j = 1, 2,..., q). 
Type (3) is used by Taylor series expansion and slightly high 
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To multiple correlation characteristics of products, the 
general formula for computing the quality loss is: 
TL D D AD ˄ ˅                                                      (11) 
Type A is the mass loss coefficient matrix. Setting product 
quality deviate from its target value of D to produce quality 
loss as Q, the matrix A can make by type. When the matrix A 
is:   
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(12)              
When calculating the mass loss, it can be estimated 
depending on a probability distribution. If the distribution 
function is continuous, the expected quality loss is: 
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When the design size is normal distribution, the 
characteristic parameters of Dk for normal distribution, the 
characteristic parameters for Dk variance is: 
 D DE[L ] T AVª º ¬ ¼                                                   (14) 
If there exists the broadcast size, and the characteristic 
parameters are relevant. The first m and n covariance of  
parameters are as follows: 
   m nm n
j 1 j j
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(15) 
Where m = 1, 2…R, n = 1, 2…R. In tolerance design, the 
variance of each size should be dependent on size tolerance. 
In case of routine production, it can be assumed that the 
composition loop dimension and tolerance are normal 
distribution. Assume that each component loop dimension and 
tolerance relative to the middle point of tolerance zone is 
symmetrical normal distribution, to take part tolerances to 
+3σ (σ be for normal distribution standard deviation), 
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The dimension of Yj is two-way tolerance for parts design. 
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3.2. The objective function 
Based on the manifold products connection quality of 
tolerance optimization, the objective function is the total 
product cost, and the size of the design variable parts of 
tolerance needs to determine the design variables. The 
absolute cost is for each product manufacturing costs and 
product characteristics of component size deviation from the 
target value. The sum of all is the function of the size 
tolerance. So the tolerance design optimization problems can 
be expressed as: 
   ^ `
 j j
1
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     Where the Cj is the manufacturing cost of assembly 
dimension chain, which is relative to the design size Tj. 
4. Case study 
4.1 .Example analysis 
As shown in Fig.3 and Fig.4, it is assumed that based on 
the requirement of structure and function of the nominal size 
have determined that these dimensions constitute two related 
assembly dimension chain Z1 and Z2, including public sizes of 
Y4, Z1 and Z2 fluctuation range should be less than or equal to 








Fig.3. Hinge assembly drawing 





Fig.4. Hinge assembly plane dimension chain 
Assuming assembly dimension Z1 and Z2 deviate from the 
target value: 
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The products will be unqualified, and generate the loss of 
280 yuan. According to the assembly constraint relations 
between the various parts, assembly dimension equation is as 
follows: 
1 4 1
2 6 2 3 4 5
  Y
     
Z Y
Z Y Y Y Y Y
 
    
­®¯                                ˄20˅    
     As a result of our research focused on the change of 
product characteristics rather than its nominal value, 
according to the type (19-20), assembly clearance Z1 , Z2 , D1 
and D2 can be expressed as˖ 
1 1 4
2 2 3 4 5 6
  
    
D Y Y
D Y Y Y Y Y
  ' '
  '  '  ' ' '
­®¯                    ˄21˅ 
Assuming the composition loop dimension and tolerance 
are normal distribution, and each component loop dimension 
and tolerance relative to the median point of the tolerance 
zone is correct. According to the normal distribution and type 
(21), D1 and D2 variance can be expressed as the function of 
design of the forming link parts dimension tolerance: 
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Because the Z1 and Z2 are related dimension chain, as 
shown in figure4, and they have common size Y4, according 
to the type (18), D1 and D2 of the association for the poor are: 
  21 2 4 ,    /  9Cov D D T                                        ˄23˅ 
According to the type (20-23), the mass loss of each 
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According to (12), the quality of the total expected loss 
can be expressed as˖ 
> @ 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(25) 
The assembly components of the total manufacturing cost 
with the improved exponential model is˖ 
  j jb Tj j j j
j 1 j 1
MC T C T a e c
n n 
  
  ¦ ¦˄ ˅                         (26)               
Manufacturing cost function parameters age, the values 
are given in Table.1. 
Table.1: The parameters of the parts size manufacturing cost function 
 




aj bj cj 
Y1 296. 29 19. 47 23. 82 
Y2 296. 39 19. 49 23. 81 
Y3 296. 37 19. 48 23. 83 
Y4 296. 35 19. 49 23. 81 
Y5 160. 45 86. 67 29. 19 
Y6 82. 42 16. 66 19. 98 
So the optimization objective function is: 
j jb T 2 2 2
j j 1 2 3
j 1
2 2 2 2
4 5 6 4
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) 462.96
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T T T T
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¦                                                                            
(27) 
Based on the tolerance accumulation of constraint 
condition extreme model is: 
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­®¯                               (28)                    
Considering the machine tool processing capability and 
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4.2. Experiment results analysis 
The optimization to solve the above model, size tolerance 
and fitting cumulative tolerance results are shown in Table.2. 
Table.2: Tolerance optimization results 
Tolerance Specified Value Reference Value 
T1 0. 1496 0. 1500 
T2 0. 0831 0. 0841 
T3 0. 0791 0. 0841 
T4 0. 0831 0. 0823 
T5 0. 0269 0. 0283 
T6 0. 0195 0. 0199 
Tz1 0. 2241 0. 2312 
Tz2 0. 3000 0. 2999 
The manufacturing cost, quality loss and the total cost of 
the results are given in Table.3, and the literature comparing 
the results of the model and the model in this paper: 
Table.3: Cost optimization results 
Tape Specified Value Reference Value 
Manufacturing Cost 398.54 398.48 
Quality Loss 8.5 12.37 
Total Cost 407.04 410.85 
4.3 Compared with experimental results 
In Table.2 of tolerance optimization results show that: the 
literature model did not consider the quality loss, get the size 
tolerance and fitting parts function (TZ1 and TZ2) are looser 
tolerance values, to ensure that the lower the manufacturing 
cost. And this paper model considers mass loss and the 
tolerance values are more closely, in order to reduce the loss 
of the quality of the product. From Table.3, results show that 
compared with the traditional optimization method, regardless 
of the fact that production cost is increased by 0.015%, but the 
quality loss was reduced by 31.285%, the final total cost was 
reduced by 0.927%, which achieves the desired effect. 
5 . Conclusion 
Tolerance is one of the critical indicators, depicting the 
quality of the product is also balanced product manufacturing 
cost and the quality performance of bridges. Obviously, in 
tolerance optimization allocation quality plays an important 
role. Tahiti quality loss function describes deviate from the 
design goal of product quality index losses caused by the 
society. Tolerance into account in the design of the 
manufacturing cost and the quality loss is a major design 
criterion. 
     In this work, the tolerance optimization design method 
under the multiple correlation characteristic products is 
proposed based on multiple correlation characteristic of 
tolerance optimization design method of the quality loss 
function, setting up the minimum manufacturing cost and 
quality less sum as the target of optimization design model. 
Application example shows that the proposed model for 
solving multiple correlation quality characteristics of 
tolerance optimization design problem of the products is 
reasonable and effective. 
Acknowledgments 
We would like to acknowledge the support of the National 
Natural Science Foundation of the People’s Republic of China 
(No. 51175322) and Innovation Program of Shanghai 
Municipal Education Commission (11YZ211) 
References 
[1] Hillyard R C. Dimensions and tolerances in shape design [D]. 
Cambridge: Computer Laboratory, University of Cambridge,1978 
[2] Weill R,Clement R, Hocken R. Tolerancing for function [ J ].CIRP 
Annals2Manufacturing Technology, 1988,37 ( 2 ) : 603 -610 
[3] Ye B,Salust ri F A. Simultaneous Tolerance Syn2thesis for 
Manufacturing and Quality[J ] . Research in Engineering 
Design,2003,14 : 98-106. 
[4] Peng Heping ,Liu Xiaojun, et al.Concurrent Tolerance Design Based on 
a Comprehensive Model of Manufacturing Cost-quality 
Loss[C].Proceedings of the 10th CIRP International Seminar on 
329 Yi Zong and Jian Mao /  Procedia CIRP  27 ( 2015 )  324 – 329 
Computer Aided Tolerancing. Erlan2 gen , Germany , 2007. 
[5] J EANG A. Robust tolerance design by response surface met 
h2odology[J ] . International Journal of Advanced Manufacturing 
Technology ,1999 ,15 (6) : 399-403. 
[6] WU C C , CHEN Z N , TANG G R. Component tolerance de2sign for 
minimum quality loss and manufacturing cost [ J ] .Computers in 
Industry , 1998 ,35 (3) : 223-232. 
[7] MAGHSOODLOO S , L I M C. Optimal asymmetric tolerance 
design[J ] . IIE Transactions , 2000 , 32 (2) :1127-1137. 
[8] CAO Yanlong , YANG Jiangxin , WU Zhaotong , et al . Study on 
tolerance2robustness design met hod based on fuzzy quality losses[ J ] . 
Journal of Zhejiang University : Engineering Sci2ence , 2004 ,38 
(1) :124 ,10 (in Chinese) .  
[9] Zhou Kai , CAI Ying , ZHANG Zhenjia , et al . Application o 
robustness design theory in tolerance analysis [ J ] . Journal of Beijing 
Institute of Technology , 2003 ,23 (5) :557-560 (in Chinese) . 
[10] FENG C X , WANG J , WANG J S. An optimization model for 
concurrent selection of tolerance and suppliers [J ] . Com2puter & 
Industrial Engineering , 2001 ,40 (1/ 2) :15233. 
[11] TAGUCHI G, Elsayed E A , Hsiang T C. Quality En2gineering in 
Production System [ M ] . New York : McGraw - Hill , 1989. 
[12] Rajagopal R., and Castillo E., “A Bayesian Method for Robust 
Tolerance Control,” IIE Transactions, Vol. 38, pp.685-697 (2006). 
[13] Zhang J., Li S.P. Bao, N.S., Zhang G.J., Xue D.Y. and Gu P.H. “A 
Robust Design Aapproach to Determination of Tolerances of 
Mechanical Products,” CIRP Annals - Manufacturing Technology, 
59,195–198 (2010). 
[14] Shin S., Truong N.K.V., Cho B.R. and Hong S.H., “Development of a 
Sequential Robust–tolerance Design Model for a Destructive Quality 
Characteristic,” Computers & Industrial Engineering , 60,777–789 
(2011). 
[15] Liu Y.S., Yang J.X. and Wu Z.T., “Fuzzy Optimization of Tolerance in 
CAD/CAPP Integration,” J. Zhejiang Univ. (Eng. Sci.), 35(1),41–46 
(2001). 
[16] Cao Y.L., Yang, J.X., Wu Z.T. and Wu L.Q., “Robust Tolerance Design 
Based on Fuzzy Quality Loss,” J. Zhejiang University Engineering 
Science. 38(1),1-4 (2004). 
[17] Jeang A., “Robust Tolerance Design by Response Surface 
Methodology,” Int. J. Adv. Manuf. Technol. , 15,399–403 (1999). 
[18] Bjorke O., Computer-aided tolerancing, 2nd edition. ASME Press, New 
York (1989). 
[19] Wu, Z.T. and Yang, J.X., Computer-aided tolerance design, Zhejiang 
University Press, Hangzhou, China (1999). 
[20] Gao, Y. and Huang, M. “Optimal Process Tolerance Balancing Based 
on Process Capabilities,” Int. J. Adv. Manuf. Technol. , 21,501–507 
(2003). 
[21] Lee, Y.C. and Wei, C.C., “Process Capability-based Tolerance Design 
to Minimize Manufacturing Loss,” Int. J. Adv. Manuf. Technol. , 
14,33–37 (1998). 
[22] Huang, M.F. and Zhong, Y.R., “Optimized Sequential Design of Two-





   
 
